PONTANEOUS or secondary spinal CSF leaks are increasingly recognized as a cause of intracranial hypotension. It is typically manifested by orthostatic headaches that may be associated with protean symptoms caused by CSF leakage into the spinal epidural space where the fluid is readily absorbed into the bloodstream. 5, 13, 15, 17 Although magnetic resonance imaging has become a first-line diagnostic measure, 5, 7, 11, 13, 17, 18, 20 radioisotope cisternography is particularly useful for identifying CSF leaks and studying CSF circulation. [1] [2] [3] [4] 6, 20 In fact, cisternography often reveals the approximate site of the leak by demonstrating radioactivity across the dural sac. Indirect signs such as early accumulation of radioisotope within the bladder and kidneys, indicating early absorption into the epidural venous system through abnormal leakage, are more common findings. Nevertheless, direct signs are inconsistently found and indirect signs are sometimes equivocal. 5, 20 In this article we provide a quantitative analysis of radioisotope cisternography for the purpose of improving its diagnostic accuracy. We simply assumed that any aberrant CSF leakage into the spinal epidural space causing CSF depletion would facilitate the clearance of intrathecally injected radioisotope. The validity of this hypothesis was analyzed.
In-diethylenetriamine pentaacetic acid. Radioactivity in the cerebrospinal fluid (CSF) space was counted during scanning, and radioisotope clearance was studied. Direct signs of radioisotope leakage into the spinal epidural space were found in 25 patients. Most leaks were located in the lumbosacral region. Analysis of the radioisotope clearance curve revealed two different patterns.
In patients without a radiographically demonstrated radioisotope leak, absolutely exponential curves were observed (R 2 Ͼ 0.99). The activity of the radioisotope decreased at a rate of e Ϫ0.03 to e Ϫ0.107 (mean Ϯ standard deviation, e Ϫ0.056 Ϯ
0.018
; 32 patients). Clearance in patients with an overt radioisotope leak was not a simple exponential curve; it could be divided into an early rapid phase and a late slow phase. The clearance rate during the first 6 hours was e Ϫ0.219 Ϯ 0.127 (25 patients) and e Ϫ0.076 Ϯ 0.021 thereafter. The authors speculated that the early escape of undiluted radioisotope solution through an aberrant CSF outlet, such as a traumatic spinal dural tear, was responsible for this phenomenon.
Conclusions. The quantitative analysis featured in this study seems to be useful in the diagnosis of intracranial hypotension. A small CSF leak below the limit of radioisotope cisternography resolution might be detected using this technique.
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Abbreviations used in this paper: CSF = cerebrospinal fluid; DTPA = diethylenetriamine pentaacetic acid; EBP = epidural blood patch; ROI = region of interest; SD = standard deviation.
an ROI to eliminate any radioactivity excreted into the urine. Because of the square shape of the ROI, radioactivity in the kidneys and epidural space was not excluded from the count. Each count was plotted against time, and simple regression was calculated using commercially available software (StatView, version 4.5 for Macintosh; Abacus Concepts, Inc., Berkley, CA).
The majority of patients with positive radioisotope cisternography were referred to one of the authors (S.I.) to undergo an EBP treatment. In patients with a good therapeutic result, follow-up radioisotope cisternography was recommended to confirm the disappearance of the radioisotope leak.
Results
Findings on Radioisotope Cisternography
Direct signs of radioisotope leakage into the spinal epidural space were demonstrated in 25 patients (Fig. 1) . Clinical characteristics and radioisotope cisternography analysis in the patient population are featured in Table 1 . There was no significant difference in sex distribution, age, and duration of symptoms comparing patients with a radioisotope leak and those without. Most patients had a history of trivial trauma including whiplash injuries and injuries during sports activities. Three patients underwent spinal surgery or spinal puncture immediately before CSF leakage onset.
Patterns of positive radioisotope cisternography are featured in Fig. 2 . Most leaks were located in the lumbosacral region. No patient had leakage at the cervical spine. A typical Christmas tree appearance or railroad pattern was seen in five patients ( Fig. 2A and B) , that is, radioisotope filling along the the spinal nerve roots at multiple sequential levels. 4 Indirect findings such as early bladder filling and rapid disappearance of radioisotope from the CSF space were also present in these 25 patients. In 32 patients without a leak, two clear and four equivocal early bladder fillings were noted at 2.5 hours.
Patient Treatment
Among 25 patients with a positive radioisotope cisternography, 22 had undergone EBP treatment (a total of 40 procedures) a mean of 1.8 times. Excellent results were obtained in 12 patients, and partial improvement was observed in eight. Two patients were refractory to several courses of EBP. A mean of 134 days after the first radioisotope cistern- † There were significant differences in both categories of clearance rates in a comparison of the two patient groups (p Ͻ 0.001, unpaired t-test). A significant difference was also noted in a comparison of the two categories of clearance rates (p Ͻ 0.05, patients without a leak; p Ͻ 0.001, patients with a leak; paired t-test.
‡ The coefficients of determination (R 2 ) were significantly different in a comparison of the two patient groups (p Ͻ 0.01, unpaired t-test). . The majority of the patient's symptoms disappeared after three courses of EBP treatment. Note the leak beyond the expected dural border 2.5 hours after injection of the radioisotope; early bladder filling has disappeared (left). Six hours after tracer injection (center). Twenty-four hours after tracer injection showing that a good amount of the radioisotope is left (right). The gray square indicates the ROI in which radioactivity was counted. Because of the simple shape of the ROI, radioactivity in the kidneys and epidural space was also counted.
ography, a follow-up cisternography was performed in eight patients with an excellent EBP effect. Disappearance of the radioisotope leak was demonstrated in all of these cases (Fig. 1) .
Clearance Curves
Counts of radioactivity on each scan were plotted against time. Two different patterns of clearance curves were obtained. In patients without a radiographically demonstrated leak, completely exponential curves (coefficient of determination, R 2 Ͼ 0.99) were obtained (Fig. 3) . [mean Ϯ SD]). The radioisotope half-life calculated from this value ranged from 6.5 to 23.3 hours (13.5 Ϯ 4.5 hours [mean Ϯ SD]). In general, the radioisotope had a shorter half-life in younger patients (Fig. 4) . Radioisotope clearance in patients with a leak did not fit a single exponential curve (Fig. 5 upper) . Dividing these curves into two exponential curves, the mean clearance rate during the first 6 hours was e Ϫ0.219 Ϯ 0.127
, and e Ϫ0.076 Ϯ 0.021 thereafter (Fig. 5 lower) . The clearance rate and pattern were compared between patients with a leak and those without (Table 1) . In patients without a leak, a small but significant difference in the clearance rate was observed on comparing the early and late components. Note that the clearance rate in patients with a leak was still significantly higher after 6 hours (p Ͻ 0.001).
As expected, in the eight patients in whom follow-up radioisotope cisternography had revealed the disappearance of a leak, normalized clearance curves were also demonstrated (Fig. 6) . The changes in the clearance curves after treatment are featured in Table 2 . Clearance curves following treatment were in good accordance with the exponential curves.
Discussion
Origin and Pathophysiology of Intracranial Hypotension
In the normal craniospinal cavity, CSF supports the brain such that a brain weight of 1500 g in air is equal to only 45 12 As CSF volume decreases, the buoyancy for the brain will be lost. Subsequent caudal displacement and settling on the cranial floor results in traction on the anchoring and supporting structures of the brain. 5, 11, 13, 17, 18 Traction on the pain-sensitive cranial and upper three cervical nerves causes headache and some of the associated symptoms. Compensatory dilation of cerebral veins and meningeal vasculature, explained by the Monro-Kellie doctrine, may be involved in the occurrence of headache. 16, 17 Spontaneous intracranial hypotension is a widely accepted clinical entity. Although it is not associated with any obvious cause by definition, minor traumas or unusual strain are frequently part of an affected patient's history. 5, 13, 17 Note that the majority of patients in this study also had histories of minor trauma closely related to the onset of symptoms. Although a spontaneous leak from an arachnoid diverticulum has been described, a structural lesion is seldom identified and small tears in normal root sleeves or Tarlov cysts are considered responsible. 17, 18 Several heritable connective tissue disorders, such as Marfan syndrome and neurofibromatosis Type 1, might be related to an underlying weakness of the spinal meninges. 13, 18 Additional stress together with the congenital fragility around the nerve root should be responsible. 5 When trauma is obviously related to leakage onset, the term traumatic or posttraumatic intracranial hypotension seems to be apposite. 19 
Analysis of Radioisotope Clearance
Magnetic resonance imaging of the head and/or spine is * There were significant differences in the clearance rate category of 2.5 to 6 hours and the coefficient of determination (R 2 ) in a comparison of the two radioisotope cisternography studies (p Ͻ 0.05, paired t-test). In the first cisternography study, the clearance rate in the category of 2.5 to 6 hours was significantly greater than that in the category of 6 to 24 hours (p Ͻ 0.05, paired t-test). of great help in the diagnosis of intracranial hypotension. Magnetic resonance images of the head often demonstrate secondary findings of intracranial hypotension such as brain sagging, pachymeningeal enhancement, and engorged venous sinuses. Spinal MR imaging is sometimes misleading in locating the level of the CSF leak, however. 1, 7, 19 Radioisotope cisternography is more reliable for this purpose, because its direct sign unequivocally indicates the leakage point. The inherent drawback of radioisotope cisternography includes its invasiveness and possible radioisotope extravasation through the needle tract. Given the remarkable reduction of postlumbar puncture headache with a small sized and/or blunt-tipped spinal needle, CSF extravasation at the puncture site should be minimal in this study. 9, 21 Thus, inaccuracy caused by postpuncture radioisotope leakage seems to be negligible.
There have been several reports of quantitative radioisotope cisternography analyses. 10, 13, 14 Investigators in these studies divided CSF space into multiple components and analyzed the CSF flow between these components. To our knowledge, our study is the first report on radioisotope clearance from the CSF space regarded as a single component. The clear-cut difference in clearance patterns between patients with intracranial hemorrhage and healthy individuals proves the validity of this simple approach.
In the absence of an overt CSF leak, activity of intrathecally injected 111 In-DTPA decreased exponentially with a half-life of 13.5 Ϯ 4.5 hours (mean Ϯ SD). As expected, in younger individuals the tracer had a shorter half-life, that is, a rapid CSF turnover. 10 Note that the role of natural decay (half-life of 2.8 days = e Ϫ0.01
) was relatively small. Quantitative analysis in this study involves two possible flaws. First, the movement of radioisotope during scanning time (~20 minutes) might degrade accuracy. Second, radioactivity outside the CSF space was concomitantly counted in patients with a leak. Completely exponential clearance curves associated with patients without a leak proves the first flaw to be negligible. Radioactivity outside the CSF space might cause some measurement error; however, we believe it is not significant unless the radioisotope leak is extraordinarily massive.
From the viewpoint of pharmacokinetics, the exponential nature of tracer clearance is compatible with a single-compartment flow-dependent elimination. 11 In this model, most of the drugs in the blood will be removed on the first pass of the drug through the elimination organ. Main elimination organs of CSF circulation consist of arachnoid granulations, cranial and spinal nerve root sleeves at which radioisotope together with CSF is absorbed into the bloodstream, and lymphatic flow. 15 The significantly faster clearance rate after 6 hours in patients with no leak seems to support the concept that CSF is dominantly absorbed at intracranial parasagittal arachnoid granulations, a place that injected tracer reaches in a few hours. 6, 8, 15 An aberrant CSF outlet, such as a traumatic dural tear, would enlarge the elimination route, that is, increase CSF outflow. We anticipated that this would result in faster exponential clearance rates, which was not the case. According to recent studies, radioisotope concentration is equalized throughout the entire subarachnoid space approximately 6 to 12 hours after lumbar injection. 8 This rapid dilution results from the mixing caused by large pulsatile flows rather than classically assumed bulk flows. 6, 8 When an aberrant CSF outlet exists at spinal levels, poorly diluted radioisotope will escape soon after its injection. As the radioisotope concentration of the entire subarachnoid space becomes homogeneous, the clearance rate slows down. We believe that this is a rational hypothesis to explain complex clearance curves in patients with an overt radioisotope leak. Although we simply divided those curves into two exponential components, the clearance rate should be changing every moment. If more precise plots were available, gradual slowing in clearance rate would be observed.
Possibility of Intracranial Hypotension in Patients With Negative Radioisotope Cisternography
The rate of radioisotope clearance in patients with negative radioisotope cisternography varied extensively. Given the limited resolution of radioisotope cisternography, the absence of a radiographically demonstrated leak might be insufficient to rule out a small leak. 1, 18, 20 Patients with intracranial hypotension due to a small CSF leak not detectable on radioisotope cisternography might be included in the group of patients with rapid tracer clearance and no overt leak. Conversely, slow exponential clearance together with negative cisternography findings support the absence of a CSF leak.
Conclusions
This quantitative analysis covers the limited resolution of radioisotope cisternography and enables more accurate diagnosis and treatment of patients with intracranial hypotension. It might be useful in the diagnosis of other CSF circulation abnormalities as well. Because patient age influences the tracer clearance rate, more data are necessary to determine the normal range of the radioisotope clearance rate in relationship to patient age.
